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&XUUHQWZRUOGZLGH HFRQRPLF VLWXDWLRQ VWUHVVHV DJOREDOQHHG WRSURYLGH VRFLHW\PRUHZLWK OHVV&RQVHTXHQWO\
V\VWHPDIIRUGDELOLW\VHHPVWREHDFRQFHUQDFURVVLQGXVWU\LQERWKWKHFRPPHUFLDODQGWKHJRYHUQPHQWVHFWRUV
:KLOH WKH SRWHQWLDO YDOXH RI V\VWHPV HQJLQHHULQJ LV LQFRQWHVWDEOH  IDLOXUH LQ V\VWHP GHYHORSPHQW LV VWLOO RIWHQ
SUHVHQW:KLOH LW KDV EHHQ HPSLULFDOO\ GHPRQVWUDWHG WKDW UHTXLUHPHQWV FDQ VWURQJO\ LQIOXHQFH SURMHFW VXFFHVV RU
IDLOXUHDQXQGHUO\LQJWKHRU\WKDWGHVFULEHVZK\WKLVRFFXUVLVFXUUHQWO\ODFNLQJ7KHSUHVHQWUHVHDUFKH[SORUHVKRZ
WKHVL]HDQGLQWHUQDORUGHULQJRIWKHVROXWLRQVSDFHLQIOXHQFHVV\VWHPDIIRUGDELOLW\JLYHQDVHWRIUHTXLUHPHQWV,QRUGHU
WR H[SORLW WKH EHQHILWV RI D IRUPDO V\VWHPV WKHRU\   ZH LQWURGXFHPDWKHPDWLFDO GHILQLWLRQV IRU VRPH V\VWHPV
HQJLQHHULQJ DFWLYLWLHV DQG HOHPHQWV $V D UHVXOW WKLV SDSHU PDWKHPDWLFDOO\ SURYHV WKH HIIHFWV D JLYHQ VHW RI
UHTXLUHPHQWVKDVRQWKHSUREDELOLW\RIILQGLQJDIIRUGDEOHVROXWLRQV:HWKHQSURSRVHDVHWRIREMHFWLYHVDVRSWLPL]DWLRQ
SUREOHPVDQGOD\GRZQVRPHJXLGHOLQHVWKDWFRXOGLPSURYHH[SHFWHGV\VWHPDIIRUGDELOLW\DVWKHSUREOHPVWDWHPHQWLV
GHILQHG
7KLVSDSHULVRUJDQL]HGDVIROORZV6HFWLRQVXPPDUL]HVNH\FRQWULEXWLRQVLQWKHDUHDVRIV\VWHPDIIRUGDELOLW\
UHTXLUHPHQWVHQJLQHHULQJDQGV\VWHPVWKHRU\6HFWLRQHODERUDWHVWKHFRUHFRQWULEXWLRQRIWKLVSDSHUDIWHUSUHVHQWLQJ
WKHUHVHDUFKDSSURDFKDQGK\SRWKHVHV,PSOLFDWLRQVRI WKHUHVHDUFKDQGOLPLWDWLRQVDUHGLVFXVVHGLQVHFWLRQ7KH
SDSHUHQGVJLYLQJDVKRUWVXPPDU\RIWKHFRQFOXVLRQVDQGDSURSRVDOIRUIXWXUHZRUNLQVHFWLRQ

1RPHQFODWXUH
$ V\VWHPDIIRUGDELOLW\
% VWDNHKROGHUEHQHILWVGHULYHGIURPDV\VWHPSHUIRUPDQFH
& FRVWWRGHYHORSDQGRSHUDWHDV\VWHP
&6 FRPSOLDQWVSDFHSDUWRIWKHVROXWLRQVSDFHWKDWFRQWDLQVFRPSOLDQWRUVDWLVILFLQJV\VWHPVH[LVW
SVSI SUREDELOLW\RIVXFFHVVSUREDELOLW\RIIDLOXUH
5 VHWRIV\VWHPUHTXLUHPHQWV
6 DYDLODEOHEXGJHWGXULQJV\VWHPGHYHORSPHQWDQGRSHUDWLRQ
61 VHWRIVWDNHKROGHUQHHGV
/LWHUDWXUHUHYLHZ
2.1. System affordability 
$OWKRXJKV\VWHPDIIRUGDELOLW\LVDGHVLUHGDQGHYHQQHHGHGFKDUDFWHULVWLFDZLGHO\DFFHSWHGGHILQLWLRQLVODFNLQJ
+RZHYHUH[LVWLQJUHVHDUFKLQIRUPVWKHUHDUHWKUHHHOHPHQWVWKDWDUHQHHGHGWRDVVHVVV\VWHPDIIRUGDELOLW\FRVWZKLFK
UHIHUV WR WKH H[SHQGLWXUH WKDW LV QHHGHG WR DFTXLUH DQGXVH WKHSURGXFWRU VHUYLFH DV D IXQFWLRQRI WLPH YDOXH WR
FXVWRPHUZKLFKUHIHUVWRWKHUHWXUQWKHSD\LQJDJHQWKDVRQLWVLQYHVWPHQWDQGH[SHQGLWXUHFDSDELOLW\ZKLFKUHIHUV
WRWKHLQYHVWPHQWFDSDELOLW\DQGZLOORIWKHSD\LQJDJHQWIRUDJLYHQSURGXFWRUVHUYLFH7KHVHWKUHHHOHPHQWV
PD\EHGHILQHGLQPRQHWDU\RUQRQPRQHWDU\WHUPV
7KHSUHVHQWUHVHDUFKDVVXPHVV\VWHPDIIRUGDELOLW\LVDIXQFWLRQRIWKHDIRUHPHQWLRQHGWKUHHHOHPHQWV
2.2. Requirements, solution space, and impacts on affordability 
5HTXLUHPHQWVZKLFKFDQEHH[SUHVVHGLQWKHIRUPRIWH[WGLDJUDPVRUDOJRULWKPVFDQEHXQGHUVWRRGDVPRGHOV
WKDWUHSUHVHQWZKDWWKHV\VWHPLVH[SHFWHGWRDFKLHYH7KHUHIRUHWKH\GHILQHWKHSUREOHPERXQGDULHVZLWKLQZKLFK
DVROXWLRQWKDWVDWLVILHVVWDNHKROGHUQHHGVLVVRXJKW7UDGLWLRQDOO\WKHV\VWHPRUSUREOHPERXQGDU\LVGHILQHGE\WKH
UHVXOWRIWZRPDMRUDFWLYLWLHV)LUVWWKHDFWXDOUHTXLUHPHQWVDV\VWHPKDVWRIXOILOODUHHOLFLWHGIURPDVHWRIVWDNHKROGHU
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QHHGVWKDWKDYHWREHVDWLVILHG,IFRUUHFWO\HOLFLWHGIXOILOOPHQWRIUHTXLUHPHQWVHQVXUHVVDWLVIDFWLRQRIVWDNHKROGHU
QHHGV7KHQUHTXLUHPHQWVDUHSULRULWL]HGDFFRUGLQJWRWKHUHODWLYHSUHIHUHQFHVRIWKHVWDNHKROGHUZLWKUHVSHFWWRWKHLU
GHILQHGQHHGV3ULRULWLHVHQDEOHPDNLQJLQIRUPHGGHFLVLRQVXQGHUDQXQFHUWDLQHQYLURQPHQW
7KH LQIOXHQFH RI UHTXLUHPHQWV DQG UHTXLUHPHQWV HQJLQHHULQJ SUDFWLFHV LQ SURMHFW VXFFHVV DQG IDLOXUH DUH
LQFRQWHVWDEOHDVVKRZQIURPHPSLULFDOUHVHDUFKLQLQGXVWULDOSURMHFWV
2.3. Systems theory 
/LWHUDWXUH VXJJHVW V\VWHPV WKHRULVWV DQG FRPPXQLW\ RI SUDFWLFH DUH GHFRXSOHG :KHUHDV ³WKH DGRSWLRQ RI D
PDWKHPDWLFDOO\EDVHGV\VWHPVWKHRU\FDQSURYLGHWKHIRUPXODHWKHRUHPVDQGSURRIVUHTXLUHGWRXQGHUSLQWKHV\VWHPV
HQJLQHHULQJSURFHVVHVDQGGHVLJQGHFLVLRQV>«@SUDFWLFDODSSOLFDWLRQRIDV\VWHPVVFLHQFHSDUWLFXODUO\LQWHUPVRIWKH
XVHRI D ULJRURXVO\GHILQHGDQGFRPSUHKHQVLYHV\VWHPV WKHRU\ LV VWLOO QRWZLGHVSUHDGZLWKLQ LQGXVWU\´ ,Q IDFW
FRQWHPSRUDU\LQGXVWULDOVXUYH\VLQIRUPWKDWWKHFRPPXQLW\RISUDFWLFHFRQWLQXHVWRKHDYLO\UHO\RQKHXULVWLFVDQG
UXOHVRIWKXPEGHULYHGIURPSDVWH[SHULHQFHV
6\VWHPVHQJLQHHULQJ LVRU DW OHDVW VKRXOGEH FRQVWUXFWHGRQ WKHSLOODUVRIJHQHUDO V\VWHPV WKHRU\ ZKLFK LV
GHILQHGDVWKH³IRUPDOFRUUHVSRQGHQFHRIJHQHUDOSULQFLSOHVLUUHVSHFWLYHRIWKHNLQGVRIUHODWLRQVRUIRUFHVEHWZHHQ
WKHFRPSRQHQWV>ZKLFKLV@FRQFHUQHGZLWKWKHSULQFLSOHVZKLFKDSSO\WRV\VWHPVLQJHQHUDO´8QGHUWKLVIUDPHZRUN
VHYHUDO UHVHDUFKHUV KDYH FRQWULEXWHG WR EXLOG XS D ERG\ RI NQRZOHGJH DURXQG WKH WKHRUHWLFDO DVSHFWV RI V\VWHPV
HQJLQHHULQJ
2QLWVYDVWPDMRULW\VXFKUHVHDUFKDGGUHVVHVWKHIRUPDOGHVFULSWLRQRIV\VWHPEHKDYLRUIURPWKHLQWHUDFWLRQRI
WKHLUHOHPHQWDU\SDUWV WR WKHLUEHKDYLRUDVSDUWRIDJLYHQHQYLURQPHQW ,Q WKHILHOGRI UHTXLUHPHQWV IRUH[DPSOH
H[LVWLQJUHVHDUFKFRPSUHKHQVLYHO\DGGUHVVHVIRUPDOGHILQLWLRQVRIUHTXLUHPHQWVDQGWKHLUIORZGRZQDQGDOORFDWLRQ
WRGLIIHUHQWOHYHOVRIWKHV\VWHPGHFRPSRVLWLRQ,QRUGHUWRILOOWKHYRLGLQWKHSUREOHPVSDFHLHKRZVWDNHKROGHU
QHHGVDQGV\VWHPUHTXLUHPHQWVUHODWHWRHDFKRWKHUDQGKRZWKHVHDIIHFWWKHVROXWLRQVSDFHZHSURSRVHGWKHRUHWLFDO
IRXQGDWLRQV LQ D SUHYLRXV UHVHDUFK WKDW UHODWHG VWDNHKROGHU QHHGV V\VWHP UHTXLUHPHQWV DQG VROXWLRQ VSDFHV
+RZHYHUDWKHRU\WKDWDGGUHVVHVWKHHIIHFWRIWKHVROXWLRQVSDFHRQV\VWHPDIIRUGDELOLW\LVODFNLQJ
0DWKHPDWLFDOGHILQLWLRQRIWKHSUREOHPVWDWHPHQW
3.1. Approach and hypotheses 
7KLVSDSHUPDWKHPDWLFDOO\SURYHVWKHIROORZLQJWZRSURSRVLWLRQV

3URSRVLWLRQ՝ ܥܵ௢௥ௗ௘௥೐ೝೝ೚ೝ ՜՛ ݌௔௙௙௢௥ௗ௔௕௜௟௜௧௬ሺݐ ൌ ݐ௡ሻ
3URSRVLWLRQ՛ ܥܵ௦௜௭௘ ՜՛ ݌௔௙௙௢௥ௗ௔௕௜௟௜௧௬ሺݐ ൌ ݐ௡ሻ
3UREDELOLW\RIILQGLQJDQDIIRUGDEOHVROXWLRQLVGHILQHGDVDIXQFWLRQRIWLPHLQRUGHUWRUHIOHFWWKHUHDOOLIHWLPH
OLPLWDWLRQVLQWKRURXJKO\H[SORULQJWKHVROXWLRQVSDFH7KHUHIRUHSUREDELOLW\VKRXOGEHXQGHUVWRRGDVWKDWRQHWRILQG
DQDIIRUGDEOHVROXWLRQZLWKLQDJLYHQWLPH
)LUVW WKHSURSRVLWLRQV DUHPDWKHPDWLFDOO\ SURYHQZKLFK FRQYHUWV WKHP LQWR WKHRUHPVRI V\VWHPV HQJLQHHULQJ
7KHQQXPHULFDOVLPXODWLRQVDUHSHUIRUPHGLQRUGHU WR LQYHVWLJDWH OHYHOVRIDFWXDO LPSURYHPHQW LQQRWLRQDOFDVHV
)LQDOO\DVHWRIJXLGHOLQHVDUHSURSRVHGWRLPSURYHV\VWHPDIIRUGDELOLW\EDVHGRQWKHUHVXOWLQJWKHRUHPV
,WVKRXOGEHQRWHGWKDWWKHQRWLRQRIFRPSOLDQWVSDFHLVLQWURGXFHGLQWKHSURSRVLWLRQV7KLVVSDFHLVGHILQHGDVWKH
VROXWLRQVSDFHWKDWFRQWDLQVDOOFRPSOLDQWVROXWLRQVWRDJLYHQVHWRIUHTXLUHPHQWV7KHPDWKHPDWLFDOQRWDWLRQKDV
EHHQVLPSOLILHGZLWKUHVSHFWWRWKHRULJLQDOLQWKLVSDSHUIRUUHDGDELOLW\SXUSRVHVEXWLWGRHVQRWQHJDWLYHO\LPSDFWWKH
UHVXOWVSUHVHQWHGLQWKLVSDSHU
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3.2. Proving Proposition 1: Internal ordering of the compliant space 
$VHWRIVWDNHKROGHUQHHGVDQGDVHWRIUHTXLUHPHQWVFDQEHPRGHOHGDVFRPSOH[QXPEHUV0DJQLWXGHVLJQLILHVWKH
DFWXDOQHHGVWREHVDWLVILHGRUUHTXLUHPHQWV WREHIXOILOOHG3KDVHVLJQLILHV WKHUHODWLYHSULRULWLHVEHWZHHQQHHGVRU
UHTXLUHPHQWV

 ܵ పܰതതതതത ൌ ܵ ௜ܰ݁௜ఏܴపഥ ൌ ܴ௜݁௜ఏ 

5HTXLUHPHQWVHOLFLWDWLRQFRQVLVWVLQGHILQLQJDVHWRIUHTXLUHPHQWVJLYHQDVHWRIVWDNHKROGHUQHHGV6LQFHWKLVLVD
QDWXUDOSURFHVVLWLVSURQHWRHUURUVDVGHILQHGLQHTXDWLRQ7KHUHIRUHHUURUVFDQEHSULPDULO\FDWHJRUL]HGLQWZR
PDMRU W\SHV WKRVH UHODWHG WR PDJQLWXGH DQG WKRVH UHODWHG WR SKDVH 7KH ILUVW W\SH RI HUURUV ZRXOG LPSO\ WKDW
UHTXLUHPHQWVDUHHLWKHULQFRUUHFWRULQFRPSOHWHZKHUHDVWKHVHFRQGW\SHZRXOGLPSO\WKHV\VWHPLVEHLQJGHYHORSHG
XQGHU GLIIHUHQW SULRULWLHV WKDQ WKRVH RI WKH VWDNHKROGHUV 7KHUHIRUH WKH REMHFWLYH RI DQ\ UHTXLUHPHQWV HOLFLWDWLRQ
WHFKQLTXHVKRXOGEHWRPLQLPL]HWKHHUURU

 ݈݁݅ܿ݅ݐሺܵ పܰതതതതതሻ ൌ ܴప෡ ൌ ܴపഥ ൅ ݁ݎݎ݋ݎ 

,QDSUHYLRXVZRUNZHHODERUDWHGWKHRUHWLFDOLQYHVWLJDWLRQVRQWKHHIIHFWVRIPDJQLWXGHHUURUVRQWKHVROXWLRQVSDFH
DQGRQV\VWHPDIIRUGDELOLW\7KHUHIRUHWKLVSDSHURQO\DGGUHVVHVSKDVHHUURUV)LUVWDPDWKHPDWLFDOGHILQLWLRQRI
DIIRUGDELOLW\LVQHHGHG%DVHGRQWKHOLWHUDWXUHUHYLHZSUHVHQWHGLQVHFWLRQZHSURSRVHHTXDWLRQ,WUHIOHFWVWKDW
DIIRUGDELOLW\LVDIXQFWLRQRIEHQHILWVFRVWDYDLODEOHEXGJHWDQGWLPH


ܣሺݐሻ ൌ ቐ
݇ଵܤሺݐሻ
ͳ ൅ ݇ଶܥሺݐሻ
݂݅ ܵሺݐሻ ൒ ܥሺݐሻ
Ͳ ݂݅ ܵሺݐሻ ൏ ܥሺݐሻ
ൌ
݇ଵܤሺݐሻ
ͳ ൅ ݇ଶܥሺݐሻ
ቤ
ௌሺ௧ሻஹ஼ሺ௧ሻ



,Q VWDWH RI SUDFWLFH RI V\VWHPV HQJLQHHULQJ PLQLPL]DWLRQ DQG FRQWURO RI SKDVH HUURUV DUH KDQGOHG WKURXJK
UHTXLUHPHQWVSULRULWL]DWLRQWHFKQLTXHV7KHVHDUHSHUIRUPHGGXULQJWKHUHTXLUHPHQWVHOLFLWDWLRQSURFHVV7KHUHIRUH
WKH\DUHVXEMHFWWRWKHLQKHUHQWDVVXPSWLRQWKDWSULRULWLHVUHPDLQFRQVWDQWDVWKHSURMHFWHYROYHVUHIHTXDWLRQ

 ܴపഥ ሺݐ଴ሻ ൌ ܴపഥ ሺݐ଴ା௡ሻ 

7KLVLVKRZHYHULQFRQWUDGLFWLRQZLWKHPSLULFDOILQGLQJVDQGLQSDUWLFXODUZLWKWKHGHILQLWLRQRIDIIRUGDELOLW\JLYHQ
LQHTXDWLRQ%HFDXVHSHUFHLYHGEHQHILWVDVZHOODVDYDLODEOHEXGJHWFDQHYROYHZLWKWLPHSKDVHHUURUVZRXOGDIIHFW
V\VWHPDIIRUGDELOLW\UHIHTXDWLRQ$FWXDOHIIHFWVRQV\VWHPDIIRUGDELOLW\DUHVXPPDUL]HGLQ7DEOH


ο
ο׎
؆
ͳ
ο
ο׎
ͳ൅ʹ
ο
ο׎


$VVXPLQJUDQGRPQHVVDQGV\PPHWU\EHWZHHQFDVHVDQGLWLVWULYLDOWRGHWHUPLQHWKDWQRWXSGDWLQJUHTXLUHPHQW
SULRULWLHVDVDV\VWHPGHYHORSPHQWHYROYHVKDVDSUREDELOLW\RIUHGXFLQJV\VWHPDIIRUGDELOLW\LQVFHQDULRVZKHUH
SULRULWLHVFKDQJHZLWKWLPH7KLVUHVXOWLVHTXLYDOHQWWRVWDWHWKH3URSRVLWLRQLVSURYHQZLWKDFRQILGHQFH
3.3. Proving Proposition 2: Size of the compliant space 
7KHSUREDELOLW\RIILQGLQJDQDIIRUGDEOHVROXWLRQLVJLYHQE\WZRWHUPVUHIHTXDWLRQ7KHVHFRQGRQHLVDEVROXWH
DQGLVJLYHQE\WKHDPRXQWRIDIIRUGDEOHVROXWLRQVIRUDJLYHQSUREOHPUHODWLYHWRWKHDPRXQWRIVROXWLRQVZLWKLQWKH
XQLYHUVHRIV\VWHPV7KHXQLYHUVDOVSDFHLQFOXGHVDOOYDOLGQRQYDOLGFRPSOLDQWDQGQRQFRPSOLDQWVROXWLRQV7KH
ILUVWWHUPLVDPRGLILHUWKDWUHSUHVHQWVWKHHIIHFWLYHQHVVRIWKHGHVLJQPHWKRGDJDLQVWDSDUWLFXODUVROXWLRQVSDFHLQ
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VHHNLQJ DQ DFFHSWDEOH VROXWLRQ 7KLV WHUP LV QHFHVVDU\ LQ RUGHU WR UHIOHFW DFWXDO GHVLJQ DFWLYLWLHV ZKLFK GR QRW
UDQGRPO\VHHNIRUVROXWLRQVEXWTXLFNO\LGHQWLI\DVXEVHWRIWKHXQLYHUVDOVSDFHZKHUHLWLVPRUHSUREDEOHWRILQGDQ
DFFHSWDEOHVROXWLRQIRUDJLYHQSUREOHP
7DEOH&DVHVXPPDU\
,' οܤ
ο׎

οܥ
ο׎

οܣ
ο׎

&RPPHQWV-XVWLILFDWLRQ
 ൒ Ͳ 1$ 1$ 6WDNHKROGHUQHHGVDQGWKHLUSULRULWLHVGHILQHWKHPD[LPXPOHYHORIVDWLVIDFWLRQRUEHQHILWV
VWDNHKROGHUVFDQJHW&RQVHTXHQWO\SKDVHHUURUVFDQQRWLQFUHDVHWKHEHQHILWVIRUWKHVWDNHKROGHUV
,QIDFWPRGLILFDWLRQRISULRULWLHVFDQRQO\UHGXFHWKHSHUFHLYHGEHQHILWVLQFDVHUHTXLUHPHQWVGH
VFRSLQJLVQHHGHG
 ൏ Ͳ ൒ Ͳ ൏ Ͳ $IIRUGDELOLW\ZRXOGEHUHGXFHGDVJLYHQE\HTXDWLRQ
 ൏ Ͳ ൏ Ͳ ; ,QWKLVFDVHHTXDWLRQGRHVQRWHQDEOHGHWHUPLQLQJWKHHIIHFWRQV\VWHPDIIRUGDELOLW\DQGDVD
UHVXOWLWUHPDLQVXQGHWHUPLQHG


 ݌௔௙௙௢௥ௗ௔௕௜௟௜௧௬ ൌ ܭ
݊௔௙௙௢௥ௗ௔௕௟௘
݊௨௡௜௩௘௥௦௘
 

6LQFHWKHDPRXQWRIVROXWLRQVLQWKHXQLYHUVDOVSDFHLVFRQVWDQWSUREDELOLWLHVRIILQGLQJDIIRUGDEOHVROXWLRQVLQWZR
FRPSOLDQW VSDFHV DUH UHODWHG DVGHVFULEHG LQ WKH ILUVWSDUW RIHTXDWLRQ ,IZH FRQVLGHUYDOLG WKH VWUXFWXUHRI WKH
GHILQLWLRQ RI DIIRUGDELOLW\ JLYHQ LQ WKH SUHYLRXV VHFWLRQ D JRRG LQLWLDO DVVXPSWLRQ LV WKDW V\VWHP DIIRUGDELOLW\ LV
XQLIRUPO\GLVWULEXWHGJLYHQDFRPSOLDQWVSDFH,QWKLVFDVHWKHUDWLREHWZHHQWKHDPRXQWVRIDIIRUGDEOHVROXWLRQVLQ
WZRVSDFHVLVHTXLYDOHQWWRWKHUDWLRRIWKHLUVL]HV,QDGGLWLRQWKHXQGHUO\LQJREMHFWLYHRISURYLQJ3URSRVLWLRQLVWR
GHWHUPLQHWKHHIIHFWVRIDGGLQJRUUHPRYLQJUHTXLUHPHQWVWRRUIURPDJLYHQUHTXLUHPHQWVHW,QWKLVFDVHRQHRIWKH
FRPSOLDQWVSDFHVLVDFWXDOO\DVXEVHWRIWKHRWKHURQH7KHUHIRUHWKHUHVXOWLQJFRPSOLDQWVSDFHVDUHHTXLYDOHQWIURP
WKHGHVLJQPHWKRGVWDQGSRLQWEHFDXVHWKH\DUHHTXLYDOHQWZLWKLQWKHXQLYHUVDOVSDFH&RQVHTXHQWO\WKHHIIHFWLYHQHVV
RIGHVLJQPHWKRGVWRTXLFNO\UHDFKDVXEVHWRIVROXWLRQVWKDWDUHFORVHWRWKHDFFHSWDEOHRQHVFDQEHDVVXPHGWREHWKH
VDPH8QGHUWKHVHWHUPVSUREDELOLWLHVRIILQGLQJDIIRUGDEOHVROXWLRQVLQWZRFRPSOLDQWVSDFHVEHFRPHUHODWHGE\WKHLU
VL]HV

݌௔௙௙ሺܥ ଵܵሻ ൌ ܭଵ
݊௔௙௙ሺܥ ଵܵሻ
݊௨௡௜௩
݌௔௙௙ሺܥܵଶሻ ൌ ܭଶ
݊௔௙௙ሺܥܵଶሻ
݊௨௡௜௩
՜ ݌௔௙௙ሺܥ ଵܵሻ ൌ ݌௔௙௙ሺܥܵଶሻ
ܭଵ݊௔௙௙ሺܥ ଵܵሻ
ܭଶ݊௔௙௙ሺܥܵଶሻ
ቤ
௔௙௙௢௥ௗୀ࣯ሺ௫ǡ௬ሻ
஼ௌమؿ஼ௌభ
ൎ ݌௔௙௙ሺܥܵଶሻ
ܥ ଵܵೞ೔೥೐
ܥܵଶೞ೔೥೐



7KHVHFRQGSDUWRIHTXDWLRQSURYHVWKHK\SRWKHVLVGHVFULEHGLQ3URSRVLWLRQ,WFRQILUPVWKDWLQFUHDVLQJWKHVL]H
RIWKHFRPSOLDQWVSDFHLQFUHDVHVWKHSUREDELOLW\RIILQGLQJDQDIIRUGDEOHVROXWLRQ
(TXDWLRQ  GLFWDWHV WKH SUREDELOLW\ RI ILQGLQJ DQ DIIRUGDEOH VROXWLRQ IRU RQH WU\ LH IRU RQH GHVLJQ LWHUDWLRQ
+RZHYHUWUDGHVSDFHH[SORUDWLRQRUPRUHJHQHULFDOO\DGHVLJQDFWLYLW\FRQVLVWVRIPXOWLSOHLWHUDWLRQVRUUHZRUNF\FOHV
WKDW DUH OLPLWHGE\ DYDLODEOH UHVRXUFHV LH VROXWLRQV DUH VRXJKWXQWLO D VDWLVIDFWRU\RQH LV IRXQGRU WKH DOORFDWHG
UHVRXUFHVDUHH[KDXVWHG7KHILUVWSDUWRIHTXDWLRQGHWHUPLQHVWKHSUREDELOLW\RIILQGLQJDQDIIRUGDEOHVROXWLRQZLWKLQ
DJLYHQQXPEHURIGHVLJQLWHUDWLRQV,WDOVRUHIOHFWVWKHIDFWWKDWWKHSUREDELOLW\RIILQGLQJDQDIIRUGDEOHVROXWLRQDW
HDFKLWHUDWLRQLVGLIIHUHQW6XFKFKDQJHRISUREDELOLW\UHVXOWVIURPOHDUQLQJGXULQJWKHGHVLJQSURFHVVDQFKRULQJW\SH
ELDVHVDQGUHGXFWLRQRIDPRXQWRIQRQDIIRUGDEOHVROXWLRQVDV WKH\DUHGLVFDUGHGDWHDFKIDLOHG LWHUDWLRQ)RU WKH
SXUSRVHRIWKLVSDSHUZHVXJJHVWXVLQJWKHVHFRQGSDUWRIHTXDWLRQZKLFKLVDVLPSOLILHGYDULDQWWKDWDVVXPHVQR
OHDUQLQJ QR DQFKRULQJ ELDV DQG QR UHGXFWLRQ RI QRQDIIRUGDEOH VROXWLRQV 7KH ILUVW DVVXPSWLRQ LV FRQVLGHUHG
DFFHSWDEOH DV D ILUVW DSSURDFK EHFDXVH RI SRWHQWLDO FDQFHOODWLRQ HIIHFWV EHWZHHQ OHDUQLQJ DQG DQFKRULQJ ELDV
$FFHSWDELOLW\ RI WKH VHFRQGDVVXPSWLRQ LV MXVWLILHG E\ FRQVLGHULQJ WKH DPRXQWRI SRWHQWLDO VROXWLRQV VLJQLILFDQWO\
KLJKHUWKDQWKHDPRXQWRILWHUDWLRQV
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
݌௔௙௙௡ ൌ ݌௦భ ൅ ݌௙భ݌௦మ ൅ ڮ൅ ݌௙భ ڮ݌௙೙షభ݌௦೙ห்ௌೞ೔೥೐ب௡՜௣ೞభൎ௣ೞమൎڮൎ௣ೞ೙
ൎ ݌௦෍ሺͳ െ ݌௦ሻ௜
௡ିଵ
௜ୀ଴


8VLQJ WKHUHIRUHHTXDWLRQVHQVLWLYLW\DQDO\VHVRQDPRXQWRI LWHUDWLRQVDQGUHODWLYHVROXWLRQVSDFHVL]HFDQEH
SHUIRUPHGE\PHDQVRIQXPHULFDODQDO\VLV)LJXUHVKRZVSUREDELOLW\LPSURYHPHQWVIRUILQGLQJDIIRUGDEOHVROXWLRQV
DVDIXQFWLRQRIUHODWLYHVROXWLRQVSDFHVL]HVYDU\LQJIURPWRDQGQXPEHURILWHUDWLRQVYDU\LQJIURPWR
)LJXUHDKDVEHHQREWDLQHGDVVXPLQJDSUREDELOLW\RIVXFFHVVRIZKHUHDVDYDOXHRIZDVXVHGIRU)LJXUH
E$OWKRXJKWKHLPSDFWRQPD[LPXPOHYHORILQFUHDVHRISUREDELOLW\RIILQGLQJDIIRUGDEOHVROXWLRQVLVYLVLEOHWKH
ELJJHVWLPSDFWRFFXUVIRUFRPSHQVDWLQJZLWKGHVLJQLWHUDWLRQ$VWKHSUREDELOLW\RIVXFFHVVGHFUHDVHVWKHUHTXLUHG
DPRXQW RI UHZRUN F\FOHV RU GHVLJQ LWHUDWLRQV WR FRPSHQVDWH WKH HIIHFW RI WKH FRPSOLDQW VSDFH VL]H GUDPDWLFDOO\
LQFUHDVHV

݌௔௙௙௡ሺܥ ଵܵሻ
݌௔௙௙௡ሺܥܵଶሻ
ൌ
ܥ ଵܵೞ೔೥೐
ܥܵଶೞ೔೥೐
σ ൬ͳ െ ݌௦
ܥ ଵܵೞ೔೥೐
ܥܵଶೞ೔೥೐
൰
௜
௡ିଵ
௜ୀ଴
σ ሺͳ െ ݌௦ሻ௜௡ିଵ௜ୀ଴



$VDQWLFLSDWHGWKHSUREDELOLW\RIILQGLQJDIIRUGDEOHVROXWLRQVLQFUHDVHVZLWKWKHVL]HRIWKHFRPSOLDQWVSDFH7KH
GLIIHUHQFHLQSUREDELOLW\FRXOGEHPLWLJDWHGWKRXJKE\LQFUHDVLQJWKHDPRXQWRIUHZRUNF\FOHV+RZHYHUDVSUHYLRXVO\
H[SODLQHGVLQFHWKHDYDLODELOLW\RIUHVRXUFHVLVOLPLWHGSUREDELOLW\RIILQGLQJDIIRUGDEOHVROXWLRQVQHHGVWREHGHILQHG
DVDIXQFWLRQRIWLPH$VWKHUHVXOWVVKRZLQFUHDVLQJWKHVL]HRIWKHFRPSOLDQWVSDFHGUDPDWLFDOO\UHGXFHVWKHUHTXLUHG
GHVLJQHIIRUWWRILQGGHVLUHGVROXWLRQV
)LJD5HODWLYHLQFUHDVHSUREDELOLW\RIDIIRUGDELOLW\IRUSV E5HODWLYHLQFUHDVHSUREDELOLW\RIDIIRUGDELOLW\IRUSV 
,PSOLFDWLRQVDQGOLPLWDWLRQV
4.1. Applicability to discrete, continuous, and fuzzy requirements 
7KLVUHVHDUFKFRQVLGHUVDUHTXLUHPHQWLVDQ\REMHFWLYHDV\VWHPLVH[SHFWHGWRDFKLHYH%HFDXVHDOOPDWKHPDWLFDO
IRUPXODWLRQVDUHEDVHGRQWKLVSUHPLVHWKHUHVXOWVRIWKLVUHVHDUFKDUHQRWRQO\DSSOLFDEOHWRWUDGLWLRQDOUHTXLUHPHQWV
LQ WKH IRUP RI GLVFUHWH WDUJHWV EXW DOVR WR FRQWLQXRXV UHTXLUHPHQWV LQ WKH IRUP RI YDOXH IXQFWLRQV DQG WR IX]]\
UHTXLUHPHQWVLQWKHIRUPRIREMHFWLYHVZLWKRXWWDUJHW
1XPEHURIGHVLJQLWHUDWLRQV
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4.2. Objectives for requirements engineering techniques 
7KHFRQILGHQFH OHYHO DFKLHYHG LQSURYLQJ3URSRVLWLRQ LQIRUPV WKHQHHG WRGHYHORSHYROXWLRQDU\ UHTXLUHPHQW
SULRULWL]DWLRQ WHFKQLTXHV WKDW DUH DEOH WR DGDSW VWDNHKROGHU SUHIHUHQFHV GHSHQGLQJRQ WKH HDFK SDUWLFXODU GHFLVLRQ
REMHFWLYHDORQJWKHV\VWHPOLIHF\FOH
)RUPDOSURRIRI3URSRVLWLRQ LQIRUPV WKHQHHG WRGHYHORSUHTXLUHPHQWHOLFLWDWLRQDQGDQDO\VLV WHFKQLTXHV WKDW
HQDEOHPD[LPL]LQJWKHVL]HRIWKHVROXWLRQVSDFHIRUDJLYHQVHWRIVWDNHKROGHUQHHGV8VLQJWKHRUHPVWKDWGHVFULEH
WKHHIIHFWVUHTXLUHPHQWVKDYHRQWKHVROXWLRQVSDFHWKLVFRXOGEHDFKLHYHGE\HOLPLQDWLQJUHTXLUHPHQWVWKDWGRQRW
GLUHFWO\ VXSSRUW VDWLVIDFWLRQ RI VWDNHKROGHU QHHGV DQG GHWHFWLQJ DQG GHFRXSOLQJ FRQIOLFWLQJ UHTXLUHPHQWV WKDW DUH
H[WUHPHO\GLIILFXOWWREHIXOILOOHGVLPXOWDQHRXVO\)LJXUHVKRZVDSRWHQWLDODFWLYLW\IUDPHZRUNWKDWZRXOGVDWLVI\
WKHVHQHHGV

)LJ3RWHQWLDODFWLYLW\IUDPHZRUNIRUPD[LPL]LQJDQGDGDSWLQJWKHVROXWLRQVSDFH
4.3. Limitations 
7KHSUHVHQWUHVHDUFKKDVEHHQERXQGHGE\WKHIROORZLQJOLPLWDWLRQVZKLFKZRXOGQHHGWREHLQYHVWLJDWHGLQIXWXUH
UHVHDUFK
 'LVWULEXWLRQRIDIIRUGDEOHVROXWLRQVLVFRQVLGHUHGXQLIRUPLQWKHXQLYHUVDOVROXWLRQVSDFH
 )RU D JLYHQ SUREOHP WKH FRPSOLDQW VSDFH FRQWDLQV PDQ\PRUH VROXWLRQV WKDQ GHVLJQ LWHUDWLRQV FRXOG EH
SHUIRUPHG
 (IIHFWVRIOHDUQLQJDQGDQFKRULQJELDVHVGXULQJWKHGHVLJQDFWLYLWLHVDUHDVVXPHGWRFDQFHOHDFKRWKHU
&RQFOXVLRQV
7KLVSDSHUKDVPDWKHPDWLFDOO\SURYHQKRZWKHVL]HDQGRUGHURIWKHVROXWLRQVSDFHDIIHFWV\VWHPDIIRUGDELOLW\,Q
SDUWLFXODUWKLVSDSHUKDVSUHVHQWHGWZRWKHRUHPV
7KHRUHP՝ ܥܵ௢௥ௗ௘௥೐ೝೝ೚ೝ ՜՛ ݌௔௙௙௢௥ௗ௔௕௜௟௜௧௬ሺݐ ൌ ݐ௡ሻ
7KHRUHP՛ ܥܵ௦௜௭௘ ՜՛ ݌௔௙௙௢௥ௗ௔௕௜௟௜௧௬ሺݐ ൌ ݐ௡ሻ
7KH ILUVW WKHRUHP IRUPDOO\ MXVWLILHV WKH QHHG WR XVH HYROXWLRQDU\ UHTXLUHPHQW SULRULWL]DWLRQ WHFKQLTXHV VR WKDW
GHILQHGSULRULWLHVUHIOHFWVWDNHKROGHUSUHIHUHQFHVDWWLPHRIPDNLQJGHFLVLRQV7KHVHFRQGWKHRUHPLQFRPELQDWLRQ
ZLWKSUHYLRXVUHVHDUFKGHPRQVWUDWHVWKDWLQFUHDVLQJWKHDPRXQWRIV\VWHPUHTXLUHPHQWVUHGXFHVWKHSUREDELOLW\RI
ILQGLQJDIIRUGDEOHVROXWLRQV&RQVHTXHQWO\LW MXVWLILHVWKHQHHGWRXVHWKHPLQLPXPVHWRIUHTXLUHPHQWVQHHGHGWR
VDWLVI\DJLYHQVHWRIVWDNHKROGHUQHHGV
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:HSURSRVHDQGSODQWRFRQWLQXHUHVHDUFKLQWKLVILHOGLQSDUWLFXODU
 ,QYHVWLJDWHWKHVHQVLWLYLW\RIpsRQpaff
 ,QYHVWLJDWHWKHVHQVLWLYLW\RIXQLIRUPLW\GLVWULEXWLRQRIVROXWLRQVZLWKLQWKHVROXWLRQVSDFHRQpaff
 ,QYHVWLJDWHWKHVHQVLWLYLW\RIWKHDPRXQWRIVROXWLRQVZLWKLQWKHVROXWLRQVSDFHRQpaff
 ,QYHVWLJDWHWKHHIIHFWVRIOHDUQLQJDQGDQFKRULQJELDVHVLQWKHGHVLJQH[SORUDWLRQDFWLYLW\
 8VLQJDFWXDOSURMHFWGDWDLQYHVWLJDWHWKHUHODWLRQEHWZHHQDPRXQWRIGLVFDUGHGRUDGGHGUHTXLUHPHQWVDQGWKH
UHVXOWLQJDPRXQWRILQFOXGHGRUH[FOXGHGVROXWLRQVLQWKHVROXWLRQVSDFH
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